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 In this work the effects of copper contamination on the coulombic and voltage efficiency 
of the hydrogen evolution reaction (HER) via the Cu-Cl thermochemical cycle are investigated. A 
novel proton pump configuration was employed, which allowed for the copper concentration at 
the cathode to be controlled. A variety of electrochemical tests were performed to evaluate the 
effect of copper on the system. The purpose of this research project was to determine the threshold 
for copper contamination at the cathode in these Cu-Cl/HCl electrolyzers. Results of 
electrochemical test show that there is a significant increase in overpotential and a negative impact 
on HER kinetics with increasing copper concentration in both a chloride rich and chloride-free 
environment. In both media the Coulombic efficiency remains constant regardless of the 
concentration of copper in the catholyte. Results suggest that when the concentration of copper is 
greater than 5 ppm, the effects of copper contamination becomes significant.  
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1.1 Hydrogen as a Clean Energy Carrier 
 Currently the majority of the world’s energy needs are met by exploiting fossil fuels. These 
are non-renewable resources that are depleting rapidly1-5. The use of these fuel sources results in 
the release of greenhouse gases (GHG) into the atmosphere6. These are gaseous chemical species 
(e.g. CO2, CH4, NOX,) that absorb light reflected from the earth’s surface which occur in the 
infrared wavelength region. These wavelengths are absorbed in the form of heat. This heat 
absorption results in an overall increase in global temperature and in turn a change in climate 
patterns7-10. For the world to continue to meet its energy needs while continuing to preserve the 
planet’s integrity, it is essential to find a method of meeting our energy needs that does not result 
in the release of detrimental greenhouse gases into the atmosphere.  
 There are two types of energy which are termed primary and secondary energy sources. 
Primary energy sources include raw materials that can be converted into energy carriers such as 
fossil fuels, or renewable energy sources that transfer energy rather than come from the irreversible 
transformation of a material. These types of primary energy sources include hydroelectric, solar 
and wind power. Secondary energy sources result in the production of energy carriers and must be 
produced from primary energy sources. Examples of secondary energy sources include electricity 
and hydrogen gas7,11.  
  This suggests that the most appropriate means of preventing the greenhouse gas emissions 
is to employ a fuel that is free of hydrocarbons. One potential source that has gained increasing 
interest over the years in molecular hydrogen12. With the development of hydrogen fuel cell 
technology, this species has been recognized as one of the most promising clean energy carriers to 
date2,9,10,13-18. The reaction that takes place within a hydrogen fuel cell results only in the 
production of liquid water, meaning there is no inherent pollution directly associated with the use 
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of this chemical as a fuel source. Hydrogen is superior to many of the non-renewable fuel sources 
we currently employ as it has a much higher energy density, can be converted to and from 
electricity with relative ease, and can be stored as a solid, liquid or gas. Molecular hydrogen has 
been widely recognized as the fuel of the future. 
 Currently, we obtain approximately 96% of the world’s molecular hydrogen from the 
reforming of fossil fuels. These processes ultimately result in side products that are considered 
greenhouse gases2,9,19,11,15,17,18. One example of this is the steam reforming of methane gas. This 
process first involves two reforming reactions and the water-gas shift reaction which are shown in 
Equations 1-2 and 3, respectively. These reactions are typically performed over a nickel catalyst 
at high temperatures20. The resources employed to produce molecular hydrogen to date can be seen 
in Figure 1.1. These processes essentially cancel out the environmental benefits associated with 
employing hydrogen as a clean energy carrier. In order to fully maximize the clean energy carrier 
which is hydrogen gas, it is first necessary to develop a GHG neutral method of production.  
 
𝐶𝐻 𝐻 𝑂 → 𝐶𝑂 3𝐻                   𝐸𝑞. 1  
𝐶𝐻 2𝐻 𝑂 →  𝐶𝑂 4𝐻               𝐸𝑞. 2   











Figure 1.1: Current methods used for the global production of molecular hydrogen7,17,21. 
 
1.1.1 Electrolysis 
Electrolysis is a process by which a chemical compound is decomposed due to the 
application of electrical potential energy. Water electrolysis has many benefits including simplicity 
of the reaction, high purity product, no pollutants and availability. This is an energy intensive 
process requiring an applied potential of at least 1.23 V and Gibbs free energy of 237.2 kJ/mol14,12.  
This process can be performed in either an alkaline or acidic media, each of which offer 
unique benefits and drawbacks. Half reactions and associated reduction potentials can be found in 







been implemented as a large-scale method of hydrogen production. The reaction equation for this 
process can been seen in Equation 4. For electrolysis to become a practical method of producing 
hydrogen gas on a large scale, it is first necessary to find a method of producing this chemical 







𝑂 𝐻           ∆𝐺 237
𝑘𝐽
𝑚𝑜𝑙
            𝐸𝑞. 4  
 
Table 1.1: Half-cell reactions for water electrolysis performed in an acidic media22 
Reaction Equation 𝐸° (V) 
Cathode 2𝐻 2𝑒 → 𝐻  0 
Anode 𝐻 𝑂 → 1/2𝑂 2𝐻  1.23 
 
Table 1.2: Half-cell reactions for water electrolysis performed in an alkaline media22 
Reaction Equation 𝐸° (V) 
Cathode 2𝐻 𝑂 2𝑒 → 𝐻 2𝑂𝐻  -0.83 







1.1.2 Alkaline Electrolysis Cells 
 
Water electrolysis can be performed in an acidic media. This type of cell has many benefits 
as well as a number of drawbacks associated with the technology. This version of an electrolytic 
cell operates using two electrodes, the cathode which is referred to as the positive electrode, and 
the anode, which is the negative electrode. These electrodes are separated by a diaphragm that 
serves the main purpose of gas separation for safety and efficiency. The electrodes are submersed 
in a liquid electrolyte containing approximately 20-30% KOH23. A diagram depicting a typical 
alkaline electrolytic cell can be seen in Figure 1.2. 
 
 
Figure 1.2: Diagram of an alkaline electrolysis cell23. 
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  There are several disadvantages associated with producing hydrogen in an alkaline 
electrolytic cell. The first is the fact that this technology cannot handle a partial load safely23. When 
the load of the system is less than 40% the rate of oxygen production significantly decreases which 
results in an increased amount of hydrogen at the cathode. If the H2 concentration reaches a value 
greater than 4%, then the system is no longer considered safe as this is the lower explosion limit 
of hydrogen gas23. The second drawback associated with alkaline electrolytic cells is the limited 
maximum current densities that are possible to achieve. Both the liquid electrolyte and the 
diaphragm component of the system impart resistance. This resistance ultimately results in Ohmic 
loses and in turn decreased efficiency of the electrolysis process. Optimizing these components by 
employing the least resistive materials and solutions is a significant area of interest. Thirdly, 
alkaline electrolytic cells suffer from low operating pressure. This phenomenon is also due to the 
effects of employing a liquid electrolyte and results in bulky stack designs23.  
 
 
1.1.3 Polymer Electrolyte Membrane Fuel Cells (PEMFC’s) 
 
  Polymer electrolyte membrane (PEM) cells employ a solid polymer electrolyte called 
Nafion®. The structure of this material can be seen in Figure 1.3. This is a sulfonated 
tetrafluoroethylene polymer having a thickness between 20-300 µm. These thin membranes are 
negatively charged and therefore act as an efficient cation exchange membrane, allowing protons 
to cross over from the anode to the cathode where they are reduced to form hydrogen gas. These 
types of cells offer a number of benefits including low gas crossover, high pressure operation and 
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allow for the development of compact systems. These systems have their own particular set of 
advantages and disadvantages in terms of effectiveness for the electrolysis process. 
 
 
Figure 1.3: Chemical structure of Nafion® 
 
  PEM electrolysis cells have the benefit of being able to operate at high current densities, 
which is not the case of the well-studied alkaline electrolysis system. Current densities as high as 
2 A/cm2 have been observed. As in any electrochemical system, the maximum observable current 
density is limited in part by Ohmic losses. Employing thin membranes with high proton 
conductivity decreases these ohmic losses in comparison to a system that employs a liquid 
electrolyte. Another advantage to PEM cell technology is the low rate of gas crossover. Unlike the 
alkaline electrolysis systems developed to date, PEM cells can operate under a wide range of load 
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ranges. Alkaline fuels cells as discussed earlier in this section, suffer from low oxygen generation 
when the load is less than 40% resulting in an increased concentration of hydrogen gas at the 
cathode, which compromises the safety of the set-up and risks the possibility of an explosion. 
Protons are able to be transported quickly across the membrane allowing the system to respond 
nearly immediately to the change in applied voltage. The lack of crossover also results in a high 
level of purity of the H2 produced during the reaction. Ultimately another advantage to employing 
a solid polymer electrolyte such as Nafion is ability to develop a compact cell design. Without the 
need to incorporate liquid electrolytes, the cell stacks needed for large scale hydrogen production 
are more practical, mirroring the SOEC type of systems. There have been commercial models 
developed employing a PEM configuration which have shown to be able to operate at pressures 
up to 350 bars. When electrolytic cells are able to run at such high pressures there is a beneficial 
phenomenon known as electrochemical compression. This refers to the fact that hydrogen is 
delivered to the cathode at high rates when the pressure is a great deal higher than standard 







Figure 1.4: Diagram of a typical PEM electrolysis cell23. 
 
1.1.4 Solid Oxide Electrochemical Cells (SOEC’s) 
 
This particular type of electrolysis cell has intrigued scientists in recent decades as they 
have the ability to convert electrical energy to chemical energy and, therefore, produce molecular 
hydrogen with great efficiency. There have been reports in literature of SOEC’s being operated 
with current densities of 0.3 A/cm2 having 100% faradaic efficiency, with the applied voltage 
being approximately only 1 V. The main drawback associated with this particular type of 
electrolytic cell is the durability of the ceramic materials employed. It is essential that these 
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durability issues, as well as the ability of the materials to hold up under high temperature 
conditions, be improved for this type of technology to become a more practical option for large 
scale, long term clean hydrogen production23.  
 
1.2 The Cu-Cl Hybrid Thermochemical Cycle 
1.2.1 Thermochemical Cycles 
This particular type of electrolysis cell has intrigued scientists in recent decades as they 
have the ability to convert electrical energy to chemical energy and, therefore, produce molecular 
hydrogen with great efficiency. There have been reports in literature of SOEC’s being operated 
with current densities of 0.3 A/cm2 having 100% faradaic efficiency, with the applied voltage 
being approximately only 1 V. The main drawback associated with this particular type of 
electrolytic cell is the durability of the ceramic materials employed. It is essential that these 
durability issues, as well as the ability of the materials to hold up under high temperature 
conditions, be improved for this type of technology to become a more practical option for large 
scale, long term clean hydrogen production23.  
 
1.2.2 The Cu-Cl/HCl Thermochemical Cycle 
The Cu-Cl thermochemical cycle is one of the most promising due to a number of factors. 
This particular cycle has considerably lower temperature requirements (  550℃) in comparison 
to the other practical cycles9,24-29. Low temperature requirements also lead to lower maintenance 
costs as high temperatures result in increased strain on materials in large scale systems30. The Cu-
Cl/HCl cycle has many benefits including inexpensive reactants, low instances of side reactions, 
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could be paired with generation IV super critical water-cooled reactors (SCWR’s) and also has a 
significantly lower potential requirements than conventional electrolysis19,31,27-28. There are a 
number of variations of this cycle that can be employed in order to perform the water splitting 
reaction. The incorporation of an electrochemical step makes the process a hybrid thermochemical 
cycle. Tables 1.3 and 1.4 show the reaction equations involved as well as the temperature 
requirements for the 4 and 5 step Cu-Cl/HCl thermochemical cycle respectively. A diagram 
depicting the steps in the 3 step CuCl thermochemical cycle can be seen in Figure 1.5. 
 
Table 1.3: Reactions occuring in the 5 step Cu-Cl thermochemical cycle3 
Reaction equation Temperature (℃) 
2𝐶𝑢𝐶𝑙 𝑠 𝐻 𝑂 𝑔 →  𝐶𝑢 𝑂𝐶𝑙 𝑠 2𝐻𝐶𝑙 𝑔  400 
𝐶𝑢 𝑂𝐶𝑙 𝑠 →  𝑂 𝑔 2𝐶𝑢𝐶𝑙 𝑙  500 
4𝐶𝑢𝐶𝑙 𝑎𝑞 → 2𝐶𝑢 𝑠 2𝐶𝑢𝐶𝑙 𝑎𝑞  25 
2𝐶𝑢 𝑠 2𝐻𝐶𝑙 𝑔 →  𝐻 𝑔 2𝐶𝑢𝐶𝑙 𝑙  430 









Table 1.4: Reactions occuring in the 4 step Cu-Cl thermochemical cycle3 
Reaction Equation  Temperature (℃) 
2𝐶𝑢𝐶𝑙 𝑎𝑞 2𝐻𝐶𝑙 𝑎𝑞 → 2𝐻 𝑔 2𝐶𝑢𝐶𝑙 𝑎𝑞   25 
𝐶𝑢 𝑂𝐶𝑙 𝑠 →
1
2
𝑂 2𝐶𝑢𝐶𝑙 𝑙  
500 
2𝐶𝑢𝐶𝑙 𝑠 𝐻 𝑂 𝑔 → 𝐶𝑢 𝑂𝐶𝑙 𝑠 2𝐻𝐶𝑙  400 









1.3 Copper Crossover  
1.3.1 Effects of Copper Crossover 
When copper crosses the proton exchange membrane from the anode compartment to the 
cathode compartment it then is able to plate onto the electrode surface. There is also a high 
probability of copper underpotential deposition taking place which increases the poisoning effects 
of the copper contaminants on the Pt electrode surface33. 
 There are a number of different negative effects that surface poisoning can have on the 
electrolytic process. When there is a plating of the copper species onto the Pt active sites, these 
copper atoms must be removed first in order to expose these Pt catalytic sites for protons that will 
be converted to molecular hydrogen. The HER requires a potential of 0 V to occur. Due to the fact 
that the HER is a reductive process, any kinetic restraints are noted by a negative increase in the 
potential observed under the application of a constant current density. An increasingly negative 
voltage requirement would indicate increasingly poor kinetics occurring at the working electrode, 
which in this experimental procedure is the cathode and is responsible for hydrogen evolution. 
Blockage of the Pt active sites can also impact the hydrogen production efficiency as there are 
fewer catalytic sites for the HER to take place. If the number of catalytic sites is diminished, the 
reaction rate will in turn be decreased and with that the amount of molecular hydrogen that could 
potentially be produced.  Another phenomenon that can occur in this system is known as copper 
underpotential deposition (UPD). UPD is characterized by the formation of a monolayer of a 
metallic species on a substrate of a different chemical species. This monolayer formation occurs 
at a potential positive of the Nernst potential34  
  There have been many projects spanning a wide range of modifications of many different 
components of the current Cu-Cl electrolysis cell designs. These include modifications of the 
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catalyst material, the gas diffusion layer (GDL), membrane materials, and much more. In this 
section, a number of different approaches to minimize copper crossover within Cu-Cl electrolysis 
cells are discussed and analyzed.  
 
1.3.2 Studying Cathodic Effect of Copper Crossover 
Copper concentration and speciation at the cathode are dictated by reactions occurring at 
the anode, as this compartment is the side of the cell that contains the copper source. Any copper 
present at the cathode is there only due to copper ion permeation through the cation exchange 
membrane. Copper can be present on the cathode side of the cell in three different forms, Cu0, 
Cu1+ or Cu2+. Relying on the anodic reactions provides no control over the amount of each copper 
species. This makes it extremely difficult to study the effects associate with cathodic copper 
contamination and determine a threshold concentration of contaminants that are acceptable before 
the system suffers a dramatic decrease in kinetic and Coulombic efficiency.  
 
1.4 Motivation 
 There has been a significant amount of research devoted to studying this Cu-Cl hybrid 
thermochemical cycle for hydrogen production. The anodic reactions completely dictate the 
amount of free copper in the anolyte, and therefore the amount of positive copper ions that have 
the potential to cross the PEM. When in the presence of chloride ions, copper ions form negatively 
charged complexes that gain an increasing negative charge as the number of chloride ions present 
increases. This increases with an increase in the free chloride concentration, which is the results 
of increasing the acid concentration on this side of the cell. Due to the dependence of speciation 
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on these anodic reactions it is very difficult to observe the effects that free copper ions have on the 
cathode. 
 In this study, the effects of copper contamination at the cathode was examined using a 
novel proton-pump cell configuration, described in Chapter 2. Using this technique, we were able 
to carefully control the concentration of Cu2+ at the cathode thereby allowing us to completely 
ignore voltage losses due to the anodic reactions. This allows us to determine the amount of copper 
that can be tolerated at the cathode before poisoning dramatically affects the kinetic efficiency of 
the reaction. This technology is not only limited to the study of the HER reactions in presence of 









































2.1 Instrumentation and Reagents 
   All solutions of H2SO4, HCl and HClO4 were prepared from reagent grade chemicals 
obtained from Sigma Aldrich. Stock solutions of Cu2+ were prepared from solid CuSO4 obtained 
from Sigma Aldrich. 18 M deionized water (DI) was used in all cases.  Solutions were deaerated 
with nitrogen gas (99.998%) prior to performing electrochemical testing. For tests performed in 
proton mode, hydrogen gas (99.999%) humidified via bubbling through deionized water was 
employed at the anode. A Pine WaveDriver 20 biopotentiostat controlled using Aftermath software 
was used for all three electrode cell tests, and a Solartron 1286 potentiostat operated with Corrview 
software was employed for all experiments performed in the full cell. Humidified gas at the anode 
and catholyte solution in the full cell configuration was supplied to the cell via a duel channel 
peristaltic pump (Masterflex L/S Digital Drive Pump: RK-07523-80) at a rate of 60 mL/min. 
 
2.2 Three Electrode Cell Experiments 
   Prior to performing tests in the full cell configuration, 3-electrode cell experiments were 
performed in the presence of copper in order to investigate the effects of copper contamination on 
the HER. These experiments provided proof of concept. Initially, a 3 mm planar Pt working 
electrode was employed as the working electrode. The electrode surface was polished with a 0.05 
µm aluminum polish to ensure that were no contaminants present. The reference electrode (RE) 
used was an Hg/HgSO4 which was calibrated and found to have a potential of 700 mVRHE. The 
counter electrode employed for these tests was a Pt wire 
Experiments were then performed in the same way with the working electrode being 
changed to a 0.071 cm2 glassy carbon (GC) electrode coated with a 20% Pt/C ink. This working 
electrode better reflects the surface of the electrode used in the full cell. Catalyst ink was prepared 
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by combing 10 mg of 20% Pt/C (Premetek) with 200 µL of Isopropyl alcohol (Sigma Aldrich), 
200 µL of deionized water (DI) and 100 µL of Nafion. The Ink solution was then sonicated for 1 
hour. Following sonication 2 µL of ink was deposited onto the electrode surface, yielding a Pt 
loading of ca. 0.11 mg/cm2. A photograph of the three electrode cell set-up can be seen in Figure 
3.  
There were a number of solutions prepared and tested during this set of experiments. The 
effect of the copper concentration, chloride concentration and pH were investigated using both the 
3 mm planar Pt electrode and the Pt/C coated GC electrode. Initially the chloride concentration as 
well as the pH of the solution were held constant while the copper concentration was varied. This 
was achieved by keeping the concentration of the HCl media at 0.1 M.  The effects of pH of the 
solution with constant copper concentration was examined by altering the molarity of HCl while 
maintaining a constant copper concentration. The HCl concentration was 0.1, 0.5 or 1 M during 
these tests and for each of the HCl solutions tested the copper concentration was also varied from 








Figure 2.1: Three-Electrode cell set-up used for preliminary copper contamination 
experiments performed at 25 ℃ 
 
2.2.1 Electrochemical Tests 
 
Before any electrochemical tests were performed the potential was cycled at a sweep rate 
of 150 mV/s for 30 cycles from 0.05-1.2 VRHE. By cycling the potential in this way any adsorbed 
contaminants present on the electrode surface were removed. CV tests were then performed at a 
scan rate of 50 mV/s for a total of 4 cycles with the last cycle being reported in this thesis. Linear 
sweep voltammetry (LSV) experiments were performed directly following CV tests. The potential 
was scanned from 200 mV to – 200 mV at a scan rate of 5 mV/s. These electrochemical tests 
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allowed for the effect of copper contamination on the HER to be examined as the standard 
reduction potential of hydrogen is known to be 0 V. 
 
2.3 Full Cell Experiments 
 
2.3.1 Membrane Electrode Assembly (MEA) Preparation 
 Symmetrical MEA’s were prepared by hot pressing two 5 cm2 gas diffusion electrodes air 
brushed with Pt/C catalyst ink. The GDL used were carbon paper coated with a microporous layer 
(Ion Power Inc) and the final Pt loading was 0.2 mg/cm2.  Electrode materials were dried at 100 
℃ over night to ensure all water was removed. The anodic and cathodic electrodes were separated 
by a Nafion 115 (N115) membrane. The MEA was hot pressed at 100 °C for 90 seconds then 
placed in DI water and allowed to cool to room temperature prior to being placed in the electrolysis 
cell.   
 
2.3.2 Cell Construction 
  The prepared MEA was placed in a conventional electrolysis cell. This component of the 
cell was place between two serpentine flow pattern bipolar graphite plates. The cell was held 
together using 4 bolts with a diameter of 3/8 of an inch that were hand tightened, and further 
tightened using to 50 in-lbs. Two 4 L glass tanks, which each possessed 4 ports, were used to hold 
the anolyte and the catholyte, which was varied based on the specific set of experiments. The 
electrolysis cell had both and import and export connection on both sides and the solutions that 
pass through the cell and were recycled to their original containers. A photograph of the 




Figure 2.2: Photograph of electrolysis system constructed in house. 
 
2.3.3.1 Proton-Pump Mode 
  Full cell experiments in this work were performed in a novel “proton-pump” 
configuration. In this set-up the anode feed is humidified hydrogen gas and the catholyte is an 
acidic solution. Molecular hydrogen is then oxidized to form protons that cross the PEM to the 
cathode compartment where they are reduced reforming molecular hydrogen. This causes the 
working electrode to also act as a RHE. Running this system in this way eliminates consideration 
associated with reactions occurring at the anode and allows for careful control the amount of 
copper at the cathode by spiking the catholyte. By performing experiments in the positive potential 
regime provides information about Pt surface health while running at negative potentials shows 
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the effects of copper contamination on the HER kinetics. A diagram of the electrolysis cell run in 









2.3.3.2 Galvanostatic Hydrogen Production Experiments 
 Galvanostatic electrochemical tests differ from the methods described to this point as this 
type of experiment does not control the potential of the system, but the applied current instead. 
Therefore, if the current remains constant, as is the case in these particular experiments, the 
potential should remain constant as well if the resistance remains unchanged. Galvanostatic tests 
were performed at a constant current density of 300 mA/cm2. This value was optimized through 
tests performed in the absence of copper. Optimization was necessary as current is a measure of 
the number of moles of electrons supplied to the system as a function of time and therefore directly 
related to the time required to produce the desired product, hydrogen gas. Currents ranging from 
0.5-2 A were tested and it was found that applying a current of 1.5 A to the system allowed for a 
reasonable run time of 6 h while maintaining a stable signal.  
 Once the current density was optimized for system performance, experiments were 
performed with a catholyte having a concentration of 0.5 M H2SO4 in the absence of copper 
contaminants in order to obtain baseline data, The catholyte solution was then spiked with Cu2+ to 
produce a solution with final concentration from 1-10 ppm. For each experiment, the MEA used 
was freshly prepared and the system run for 18 h prior to recording meaningful data. Experiments 
were performed in H2SO4 to ensure there were no copper-chloro complexes formed. Being able to 
ignore the effects of complexation allowed for the effects of free copper to be examined directly. 
Once the system was run in the absence of free chloride ions, the electrolyte was changed to 1 M 





2.4 UV-Visible Spectroscopy  
  UV-visible spectroscopy (UV-Vis) experiments were performed on a Cary 60 UV- vis 
spectrophotometer. Solutions having various concentrations of CuSO4 (0-40 ppm) were prepared 
in a 1 M HCl media. These solutions were placed into a quartz cuvette having a path length of 1 











































3.1 Effect of pH in the Absence of Copper 
  Prior to investigating the effects of copper on this system, it was first necessary to perform 
baseline measurements in various concentrations of HCl in the absence copper. Solutions were 
prepared with concentrations of HCl ranging from 0.1 – 1.0 M. Results from cyclic voltammetry 
(CV) experiments can be seen in Figure 3.1. There is an increase in the peak current associated 
with hydrogen adsorption/desorption, which occurs in the low potential region. This is due to an 
increase in the proton concentration. There is also a notable increase in the peak current occurring 
near 1.2 V. This is due to the evolution of chlorine gas. This is evident as this potential corresponds 
to the standard reduction potential of chlorine, as shown in literature35  
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1 M HCl  
 
Figure 3.1: Cyclic voltammograms obtained for 0.1 M (blue), 0.5 M (red), and 1 M HCl (green), 
performed at a scan rate of 50 mV/s at 25 ℃ on 0.071 cm2 planar Pt WE. 
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  Figure 3.2 shows the variation of HER activity with increasing HCl concentration. As 
the concentration of HCl is increased, there is a dramatic increase in the current density for the 
HER. When the concentration was changed from 0.1 to 0.5 M, a large amount of noise begins to 
appear at more negative voltages due to bubble formation. There is also a notable decrease in the 
observed overpotential with increasing HCl concentration. This is due to the higher [H+] in the 
solution, minimizing the effects of migration of these ions to the electrode surface, lowering the 
energy required to begin the reaction. 
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Figure 3.2: HER activity at a 0.071 cm2 planar Pt WE  of 0.1 M (blue), 0.5 M (red), and 1 M 




The same electrochemical system was examined using a Pt/C coated GC electrode. The 
results of the CV performed on each solution can be seen in Figure 3.3. These plots show a 
distinctly different trend than that of the 3 mm Pt working electrode. As the concentration of HCl 
increased, there was a distinct decrease in the peak current in the hydrogen adsorption and 
desorption region, indicating a decrease in the electrochemically active surface area (ECSA). 
This was a result of the increased concentration of Cl- ions. Over the longer term, these chloride 
ions could promote the dissolution of Pt atoms through the formation of soluble Pt-Cl 
complexes, resulting in a decrease in ECSA3536.  
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Figure 3.3: Cyclic voltammogram for 0.1 M (blue), 0.5 M (red), and 1 M (red) HCl on a 20% 




 The LSV results presented in Figure 3.4 show there was a dramatic increase in the current 
density proportional to the increase in the concentration of the HCl solution, which was also seen 
when using the pure Pt electrode. Increasing the HCl concentration results in an increase in the 
number of protons present. This reduces the effects of migration leading to increase HER 
kinetics. This is indicated by the increase in current density and decrease in overpotential  
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Figure 3.4: HER activity of 0.1 M (blue), 0.5 M (red) and 1 M (green) HCl on  20% Pt/C-GC 




3.2 Effect of Copper Concentration at Constant pH 
   Once a baseline was established by performing the desired electrochemical tests in the 
absence of copper contaminants, the next logical set of experiments to perform were ones in which 
both [H+] and [Cl-] were held constant, while varying the amount of Cu2+. Results from cyclic 
voltammograms performed on these solutions can be seen in Figure 3.5. Near 0.75 VRHE, a peak 
developed. This peak is the result of the Cu(II)/Cu(I) redox process, which became larger with 
increasing copper concentration. These tests show that Cu2+ is in fact detectable in this potential 
range. Upon examining the hydrogen adsorption/desorption region of these plots, it is clear that 
upon increasing the concentration of copper to 5 ppm there is no longer any definition of the 
different Pt facets. The peaks in this region have little definition, making it difficult to distinguish 
individual peaks arising from specific facets of Pt. This is due to the plating of copper onto the 
polycrystalline Pt surface, which hinders the adsorption of protons onto the Pt surface and 
effectively reducing the ECSA33. There is no significant change in the size of the peak at the 
opposite end of the voltage window because there was no change in the chloride concentration. 
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Figure 3.5: Cyclic voltammogram for solutions of 0.1 M HCl (blue), 1 ppm (red), 5 ppm (green), 
and 10 ppm (brown) CuSO4 at a 0.071 mm2 Pt WE performed at a scan rate of 50 mV/s  at 25 ℃ 
 
LSV tests performed at various copper concentrations can be seen in Figure 3.6. As the 
concentration of copper was increased there appeared to be a significant increase in overpotential 
and decrease in current density. This indicates that copper is in fact blocking Pt active sites 





Figure 3.6: HER activity of 0.1 M HCl and 0 ppm (blue), 1 ppm (red), 5 ppm (green), and 10 
ppm (purple) CuSO4 on 0.071 cm2 Pt WE performed at a scan rate of 50 mV/s at 25 ℃ 
 
The same tests were repeated using the 20% Pt/C on GC working electrode. CV results can 
be seen in Figure 3.7. These show that there is no significant difference in the peak current in the 
hydrogen adsorption/desorption region when the concentration of copper was raised to 1 ppm. 
Once the concentration was increased to 5 ppm however, there appears to be an increase in the 
peak current in this region. This can be attributed to an effect known as copper underpotential 
deposition. This is a phenomenon in which a monolayer  is formed on the surface of a metal 
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substrate at a potential positive of the Nernst potential 37. Once the concentration is increased to 
10 ppm this effect is no longer observed. This is due to the fact that the effects of copper plating 
have surpassed those of copper UPD. Another feature of the plots presented in Figure 3.7 that 
should be noted is the absence of the peak occurring near 0.7 VRHE that was present in the results 
obtained using the planar Pt electrode. This is a result of the increased surface area coupled with 
the low copper concentrations employed in this study. Additionally, carbon is increasing the 
capacitive background current making the Cu peaks difficult to distinguish.  Since there is a 
dramatic increase in the number of Pt active sites the effects of copper are no longer above the 
limit of detection for this system. LSV experiments show a notable dip in the current density just 
before the 0 V mark. This is due to the adsorption of hydrogen into the film, minimizing the extent 
of the effects of migration and allow for H-UPD. The onset potential does shift to slightly more 
negative potentials in the upon increase of the copper concentration. This could potentially be due 
to some of the current is going into Cu UPD. There appears to be no impact on the current density 
due to the effects of Cu2+. LSV results obtained for these experiments can be seen in Figure 3.8. 
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Figure 3.7: Cyclic voltammogram for solutions of 0.1 M HCl and 0 ppm (blue), 1 ppm (red), 5 
ppm (green), and 10 ppm (black) CuSO4 at a 20% Pt/C-GC WE performed at a scan rate of 50 
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Figure 3.8: HER activity of 0.1 M HCl and 0 ppm (blue), 1 ppm (red), 5 ppm (green), and 10 
ppm (black) CuSO4 at a 20% Pt/C-GC WE at a scan rate of 5 mV/s at 25 ℃ 
  
3.3 Variable [Cu2+] in Chloride Free Medium 
 
  To fully understand the importance of the role of free chloride ions on Pt surface health, as 
well as the efficiency of the HER, it was necessary to perform electrochemical tests in a chloride 
free media. This was achieved by employing HClO4 in place of HCl. The concentration was held 
at 0.1 M in order to ensure that the pH of the solution remained the same as those experiments 
performed in a solution of 0.1 M HCl. The concentration of CuSO4 was increased from 0-10 ppm 
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as in previous experiments. There is a distinct anodic peak that begins to show up near 0.75 VRHE 
when the CuSO4 concentration reaches 1 ppm. This peak gets larger as the concentration of Cu2+ 
increases. These results show that the presence of copper is detectable when there is no chloride 
present in the supporting solution. CV results obtained from these experiments can be seen in 
Figure 3.9  
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Figure 3.9: Cyclic voltammograms performed in 0.1 M HClO4 with 0 ppm (blue), 1 ppm (red), 5 
ppm (green), and 10 ppm (black) CuSO4 performed at a scan rate of 50 mV/s on 0.071 cm2 




LSV tests were performed with for all of the same copper concentrations in HClO4 and are 
shown in Figure 3.10. Results show that there is a large increase in the overpotential required for 
the HER. There is a notable trend in the observed current density and in turn the reaction efficiency. 
As the concentration of Cu2+ is increased, the current density decreases dramatically. This could 
be due to the fact that all Cu2+ ions are free in solution, as there are no free chloride ions availble 
for complexation. This would increase the number of Cu ions near the electrode surface which are 
able to bond to the Pt active sites located on the negatively charged electrode. 
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Figure 3.10: HER activity in 0.1 M HClO4 with 0 ppm Cu2+ (blue, 1 ppm Cu2+ (red), 5 ppm Cu2+ 






In this section the effects of copper were investigated by employing a three-electrode cell 
configuration. The Pt surface health was examined by running the system at positive potentials 
and the HER activity investigated by running the system in the negative potential regime. These 
tests were employed to provide insight into how the system would perform in the full cell 
configuration. Two different working electrodes were used; a 0.071 cm2 Pt planar electrode and a 
0.071 cm2 GC electrode coated with 20% Pt/C ink. 
Tests were performed in the absence of copper contaminant to develop a baseline. During 
these experiments, the concentration of HCl was varied from 0.1-1 M. The peaks present in the 
hydrogen adsorption/desorption region increased slightly with increasing HCl concentration. HER 
activity was also shown to increase. Results from CV experiments performed using a 20% Pt/C 
coated GC electrode show a decrease in the peak current in the hydrogen adsorption/desorption 
region blockage by adsorbed Cu species, resulting in a decrease in ECSA.  
Solutions were prepared with a constant HCl concentration of 0.1 M while the Cu2+ 
concentration was varied from 0-10 ppm. CV results showed a peak that begins to resolve near 
0.75 VRHE as the Cu2+ concentration was increased. This peak becomes visible when the [Cu2+]  
5 ppm. HER activity for these experiments showed that there is a significant decrease in current 
density and increase in overpotential at the same concentration threshold. This indicates that the 
presence of copper ions in solution does in fact negatively impact HER kinetics. The same 
experiments were performed using a 20% Pt/C coated GC electrode. CV results from these tests 
do not exhibit the peak observed near 0.75 VRHE as there is a significant increase in the surface 
area, causing the small amount of copper present in solution to fall below the limit of detection. 
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The HER kinetics also appear to be unaffected by the presence of trace amounts of copper at such 
high surface areas. 
Tests were performed in HClO4 in order to determine the effects of copper in the absence 
of chloride ions. CV results show the development of a peak at 0.8 VRHE that increases with 
increasing Cu2+ concentration. This peak is not visible until the concentration of copper was raised 


























** Parts of the work described in this chapter has been published as: 
S.L. Cobourn, E.B. Easton, “The effect of copper contamination at the cathode of CuCl/HCl 
electrolyzers", International Journal of Hydrogen Energy, 42 (2017) 28157 - 











4.1 Conventional Water Electrolysis 
  To ensure the electrolysis system constructed in house was operating properly, 
conventional water electrolysis tests were performed with the potential being scanned from 1.0 – 
2.0 V.  These tests allowed us to determine the effectiveness of the MEA preparation as well as 
the system set up. Linear sweep voltammetry was performed in a positive direction as conventional 
water electrolysis occurs at a potential of approximately 1.2 V according to the literature. As 
expected, at this potential the current density began to increase. However, there is not a significant 
increase in the current until about 1.8 V was applied to the system. This is typically seen in practical 
cells as there is a significant overpotential and large Ohmic drop associated with this reaction 22. 
This shows that the system does in fact, function successfully as a water electrolysis cell. The LSV 





Figure 4.1: HER activity for conventional water electrolysis performed at a scan rate of 10 mV/s 
in full cell configuration at 25 ℃ 
 
4.2 Measurements using 0.5 M H2SO4 
   Following the system validation described in the previous section, the system was run in 
proton pump mode in the absence of chloride. These tests were essential for determining the true 
effects of trace copper contamination at the cathode as they allowed for complete control over the 
concentration of copper at the cathode. Using this approach provides insight into the actual amount 
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of trace Cu2+ that this electrochemical system is able to maintain voltage and/or Coulombic 
efficiency as it pertains to hydrogen production. The concentration of copper sulfate was varied 
between 0-10 ppm.  
 Cyclic voltammograms were performed in order to investigate the Pt surface health. The 
plots for these experiments can be seen in Figure 4.2. In the absence of copper there appears to be 
a small peak present in the CVs that occurs near 0.7 V vs RHE. This can be attributed to the 
oxidation of quinone groups on the carbon electrode surface. In the absence of copper, we see the 
typical peak in the hydrogen adsorption/desorption region of the voltammogram. As the 
concentration of copper is increased, there is an increase in the peak current observed in this region. 
This is most likely due to copper underpotential deposition (UPD). Copper UPD is a phenomenon 
that that occurs when the reaction conditions allow for the reduction of Cu at potentials that are 
positive of the standard reduction potential 38. This shows that the presence of copper does in fact 
have an effect on the Pt surface atoms at concentrations as low as 1 ppm. When the concentration 
of CuSO4 is raised to 10 ppm however, we see a depression in the peak current in the hydrogen 
adsorption/desorption region compared to that of the 0 ppm Cu2+ solution. This is due to copper 







Figure 4.2: Cyclic voltammograms performed in 0.5 M H2SO4 contaminated with 0 ppm (blue), 
1 ppm (red), 5 ppm (green) and 10 ppm CuSO4 at a scan rate of 50 mV/s in full electrolysis cell 







 Linear sweep voltammetry experiments were performed in order to provide insight into the 
effect of copper concentration on the overpotential and efficiency of the HER at the Pt/C electrode 
in the absence of free chloride ions. These voltammograms were obtained by scanning from 
positive to negative potentials. In the absence of copper, there appears to be little to no over 
potential associated with the HER. There is also a relatively large current density associated with 
this reaction. There is no free copper present in the solution and therefore, no possibility of copper 
plating effecting the cell performance.  
 When the concentration of CuSO4 is increased to 1 ppm, there is a 9% decrease in the 
observed current density at -0.2 V, a trend which continues as the concentration of copper is 
further increased to 5 ppm. Upon raising the concentration of copper to 10 ppm, however, there 
is a dramatic decrease in the resulting current density, showing a 48% decrease relative to the 
current density obtained in the absence of copper contaminant. There is a notable increase in the 
onset potential for the HER. These results suggest that copper is having a significant effect on 
the hydrogen evolution reaction kinetics. Data obtained from these experiments can be seen in 





Figure 4.3: Linear sweep voltammograms in 0.5 M H2SO4 running system in proton pump mode 
at various [Cu2+] performed at a scan rate of 5 mV/s at 25 ℃ 
 
 If the presence of Cu leads to a significant amount of current going into Cu plating instead 
of HER, there should be a change in the amount of hydrogen gas produced. To investigate this, 
galvanostatic hydrogen production was performed with varying concentrations of copper added to 
the catholyte solution. Again, the resulting potential should reflect the overpotential required to 
perform the HER at a constant current density. The variation in cell potential at various copper 
concentrations as well as the overpotential as a function of copper concentration can be seen in 
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Figure 4.4. It is evident that at all copper concentrations the potential shows a large initial dip, 
which is due to the stabilization of the system at the employed current density. After this point 
there is little to no change in the observed potential for the duration of the experiment. As the 
concentration of copper is increased, there is a notable decrease in the negative potential required 
to maintain the current density chosen. This increased overpotential arises from the need to first 






Figure 4.4: A) Galvanostatic curves at 1.5 amps and 25 ℃ obtained during hydrogen production 
experiments performed in proton pump mode at various [Cu2+] concentrations and B) 




It was possible to determine the amount of hydrogen gas produced at the cathode by 
following the mass of water displaced and further converting that mass to moles of hydrogen gas. 
The moles of hydrogen gas was then plotted against the time elapsed. This particular set of 
experiments are galvanostatic, therefore there should be a linear relationship between the time 
elapsed and the number of moles of hydrogen produced. If in fact there was an effect on the 
Coulombic efficiency of the reaction, there would be a change in the rate of hydrogen 
production. This does not appear to be the case as the relationship is nearly perfectly linear. All 
of the copper concentrations tested in this set of experiments give the same response. 
Furthermore, rate of hydrogen production does not change with increasing copper concentration. 
The hydrogen production efficiency determined also appeared to be unaffected by the amount of 
copper present in solutions, which should be expected based on the consistency of the hydrogen 
production rate at all copper concentrations.  Figure 4.5(A) shows the moles of hydrogen 
produced as a function of time for various copper concentrations and the respective hydrogen 
production efficiencies. Results from these experiments indicate that there is no effect on the 
Coloumbic efficiency due to the presence of Cu2+, however there does appear to be a significant 
effect on the voltage efficiency. This suggests that copper is adsorbed to the surface and there is 
no electron transfer taking place. The threshold for copper tolerance before the voltage efficiency 








Figure 4.5: A) Moles of H2 produced as a function of time and B) Hydrogen production 
efficiency for various copper concentrations at 25 ℃ performed in full cell in “proton-pump 




4.3 Contaminated 1 M HCl 
The same electrochemical tests were performed in 1 M HCl as were performed in 0.5 M 
H2SO4. The concentration of HCl employed was 1 M in order to ensure the pH remained the same 
between the two data sets. Due to the fact that there are free chloride ions present in the solutions 
tested in this set of experiments, there will of course be some copper-chloro species formed, 
thereby limiting the amount of copper available to plate onto the electrode. There are five different 
possible complexes that could potentially form. Which complexes are present depends on the 
concentration of chloride atoms as well as the concentration of copper. It is possible to follow the 
formation of the various copper-chloro complexes as a function of either parameter using UV-
visible spectroscopy (UV-Vis). This was shown in the work performed by Uchikoshi et al., who 
studied the different complexes that were formed using Cu2+ as a function of the concentration of 
the HCl electrolyte. This held the concentration of Cu2+ constant at 27 ppm, while the HCl 
concentration was varied between 0.002-5.57 M. The observed peaks corresponded to the 
increase/decrease of particular copper-chloro species. The peak position and corresponding 
complex formula can be found in Table 4.2.  As a control, we reproduced those experiments, and 
the UV-vis spectra are shown in in Figure 4.6. These results match those obtained by Uchikoshi et 
al. and therefore this technique can be considered valid for examining the speciation of these 







Table 4.1: Position of peak in UV-vis spectrum for various copper-chloro complexes at 298 K39 









Figure 4.6: Calibration curve for copper speciation at 27 ppm CuSO4 various HCl concentration 
determined by UV-visible spectroscopy 
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Figure 4.7: UV-Vis spectra obtained at various CuSO4 concentration in 1 M HCl at ambient 
temperature and pressure 
 
Since the concentration of HCl is held constant during these experiments, only the amount 
of copper present in solution is relevant. The point at which any peaks are observed in the range 
explored will give direct information as to the exact species present at that concentration of copper. 
The UV-vis spectra obtained at different concentrations of Cu2+ in 1 M HCl can be seen in Figure 
4.7. In the absence of copper contaminant there is no notable peaks that can be detected by this 
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instrument which is of course expected as the scanning window was chosen to only incorporate 
the expected copper-chloro complexes that could potentially form. When the concentration of 
copper was increased a peak appears near 250 nm and grows proportionally to the amount of 
copper present in solution. This peak corresponds to the CuCl+ complex as found in literature 39. 
Since the concentration of copper tested in this set of experiments greatly surpasses the 
concentrations employed during the electrochemical tests performed, it can be confidently stated 
that the only complex that should be expected to form in the solutions should be in the form of 
CuCl+. Due to the fact that the complexes formed at this HCl concentration, the positive charge 
associated with this species would still allow for crossing of the cationic exchange membrane. 
 Results from CV experiments performed at varying CuSO4 concentrations can be seen in 
Figure 4.8. These tests were again performed in order to Once again we see a small peak occurring 
at approximately 0.6 V, which can be attributed to the presence of quinone groups on the carbon 
electrode material. Once the concentration of copper in solution is raised to 10 ppm there is a clear 
depression in the peak current in this area. It is also worth noting that the peaks that typically 
represent each of the three platinum facets have now lost their definition, giving the peak a more 
smoothed/broadened appearance. This particular set of results show that when the concentration 





Figure 4.8: Cyclic voltammograms performed in 1 M HCl with various copper concentrations 
performed at a scan rate of 50 mV/s at 25 ℃ 
     
 LSV results obtained in HCl can be seen in Figure 4.9. HER activity closely resembles 
those observed in H2SO4, with there being only a slight increase in the overpotential or and 
decrease in current density upon increasing the concentration of the CuSO4 from 0 to 5 ppm. 
Once the concentration was raised to 10 ppm there was a dramatic decrease in the observed 
current density. There was also a significantly negative effect on the onset potential. These 
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Figure 4.9:  HER activity in 1 M HCl running system in proton pump mode with various [Cu2+] 
performed at a scan rate of 5 mV/s at 25 ℃ 
  
 Results from galvanostatic experiments performed with these solutions are shown in 
Figure 4.10. There is a significant increase in the potential associated with the HER proportional 
to the increase in copper concentration. This shows that the presence of copper has a negative 
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effect on the voltage efficiency of the HER. The amount of hydrogen gas produced at the 
cathode was monitored and it was determined that the hydrogen production efficiency remained 
unaffected by the presence of copper contaminant. The hydrogen production efficiency 
calculated at each copper concentration is shown in Figure 4.11(B). The number of moles of 
hydrogen produced over time was plotted and the results can be found in Figure 4.11(A). There 
is clearly a linear relationship between the time elapsed and the number of moles produced. The 
fact that there is no change in the slope as the amount of time elapsed indicates that the rate of 
hydrogen production remains constant, regardless of the amount of copper present in solution.  
 
 
Figure 4.10 Galvanostatic curves at 1.5 A and 25 ℃ obtained during hydrogen production 






Figure 4.11: A) Moles of H2 produced as a function of time and B) Hydrogen production 






 In this chapter a novel proton pump configuration was employed with the catholyte being 
either H2SO4 or HCl spiked with various amounts of copper contaminant. A variety of 
electrochemical tests were performed in order to determine the effect on both the Coulombic and 
voltage efficiency associated with HER. UV visible spectroscopy was utilized to determine the 
speciation of the copper-chloro complexes present in our particular system. 
 Results obtained in H2SO4 show that there is evidence of copper UPD when the [Cu2+]  
5 ppm. Once the concentration of copper was raised above this concentration there appears to be 
a negative impact on the Pt surface health. HER activity was investigated using LSV. These 
results showed that once the concentration of copper was raised above 5 ppm, there was a 
dramatic decrease in the observed current density and increase in overpotential. Results from 
galvanostatic tests show that there is a significant decrease in voltage efficiency with increasing 
copper concentration, while the Coulombic efficiency remained unaffected. Tests performed in 
HCl showed that the presence of copper had a negative impact when [CuSO4] was greater than 5 
ppm. HER activity appears to be negatively impacted when the concentration was raised above 5 
ppm as well. Galvanostatic tests also showed a similar result as previous tests, with the 
Coulombic efficiency being unaffected while the voltage efficiency is negatively impacted.  
 UV-vis results were performed with the concentration of HCl being held constant and the 
concentration of Cu2+ being varied from 0-40 ppm. These copper concentrations are much higher 
than those used in the electrochemical experiments. It was found that in the absence of copper, 
there is no notable peak which is to be expected. As the concentration of copper was increased a 
peak begins to resolve at 250 nm which corresponds to CuCl+. No other peaks are visible. This 





























  In this work, the effects of copper contamination at the cathode in Cu-Cl/HCl electrolyzers 
on the HER reaction was investigated. 3-electrode cell experiments were performed using a planar 
3mm planar Pt electrode with varying Cu concentration, chloride concentration and pH. 
Experiments were first performed in the absence of copper contaminant with the concentration of 
HCl being varied from 0-1 M. Results showed that there is an increase in the peak current in the 
hydrogen adsorption/desorption region. CV tests performed with variable copper at a constant pH 
and chloride concentration show a peak occurring near 0.8 V that increases with increasing copper 
concentration. This indicates that the presence of copper is detectible at concentrations as low as 
1 ppm. There was no significant effect on the e peaks present in the hydrogen 
adsorption/desorption region of the voltammograms indicating that there was little to no effect on 
the Pt surface health due to the presence of copper in solution as the peak size/shape remains 
unchanged. To determine the importance of the presence of chloride, tests were performed in a 
chloride free media. It was found that the copper was detectable once the concentration was raised 
above 5 ppm, as indicated by the peak that begins to develop at 0.8 VRHE.  
 The same tests were performed using a 3 mm GC electrode coated with a 20% Pt/C ink to 
better represent the surface of the electrode employed in the full cell. Probing the system in the 
positive potential regime showed that by increasing the surface area of the electrode by adding the 
Pt/C ink caused the effects of copper on the system to be much less dramatic. This is due to not 
only the increase in surface area, but the increase in capacitive current caused by the carbon 
support.  
Full cell experiments were performed in proton pump mode. This method employs a 
dynamic hydrogen electrode in place of the anode. This allows for the Pt surface health to be 
examined by running in the positive potential regime and the HER kinetics by scanning to negative 
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potentials. Electrochemical tests were performed at copper concentrations ranging from 0-10 ppm 
in either a H2SO4 or HCl media.  
Tests were performed in the absence of chloride so it was possible to have complete control 
over the amount of copper ions present at the cathode. It was found that when the concentration of 
copper (II) is raised from 0-5 ppm there is evidence of copper UPD. When the concentration was 
further increased to 10 ppm there was a clear depression in the peak current in the hydrogen 
adsorption/desorption region. This can be attributed to the plating of copper onto the electrode 
surface effectively resulting in blocking of the Pt active surface atoms. HER activity is also 
effected by the presence of copper in solution. As the concentration of copper increased, there is a 
distinct increase in the onset potential for the HER and as well as ta decrease in the efficiency. 
This was evident from the decrease in current density. Galvanostatic hydrogen collection 
experiments were performed in order to determine the effect of copper contamination on the 
hydrogen production efficiency. It was found that when the concentration of copper is increased 
there is a notable increase in overpotential. The hydrogen production efficiency appeared to remain 
unchanged regardless of the copper concentration.  
The same experiments were performed in HCl. Results of CV tests performed on this 
system show little to no evidence of copper UPD. Once the concentration of copper was raised 
above 5 ppm, again there appears to be a depression in the peak current in the hydrogen 
adsorption/desorption region due to copper plating. LSV tests show that when the concentration 
of copper is higher than 5 ppm there is a significant decrease in the observed current density and 
increase in onset potential. Galvanostatic experiments again show that there is a significant impact 
on the voltage efficiency for the HER as the copper concentration was increased. The Coulombic 
efficiency remains the same regardless of the amount of copper present.  
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The results obtained in this work lead to a number of conclusions. The presence of copper 
does in fact negatively impact the HER kinetics and effects the Pt surface state in both the presence 
and absence of chloride. The copper concentration appears to have no effect on the Coulombic 
efficiency of the reaction, which suggest that the copper atoms are not necessarily undergoing a 
charge transfer reaction, and are adsorbed onto the Pt surface.  
 The proton-pump configuration employed in this work has potential applications beyond 
just the determination of copper contaminants for this particular electrolysis system. This method 
of isolating cathodic contaminants in other PEM electrolysis cell systems. For instance, this 
method could potential be used to determine the effects of Fe(II/III) in the Fe-Cl thermochemical 
cycle. If the amount of hydrogen pumped into the anode compartment was carefully monitored, 
this configuration could also allow for quantitative measurements of hydrogen permeation across 
a particular membrane material based on the amount of hydrogen gas produced at the cathode that 
would be monitored via the water displacement apparatus component of this system.  
 Another potential direction for future work on this research project could be to change the 
composition of the Pt/C structure. There are a number of different carbon support materials that 
could be incorporated into the electrode material in place of carbon black. The Pt catalyst could 
also be altered by employing Pt-alloy catalyst material. The activity of different alloy materials 
could be tested and the data presented in this document used as a baseline. There are also a 
number of research groups producing ceramic carbon electrodes which have shown great 
promise in hydrogen fuel cell devices. These electrode materials could be produced and tested 
for their effectiveness for the Cu-Cl/HCl thermochemical cycle. Temperature is another 
parameter that was not examined in the research. In increasing the temperature of the reaction 
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